sembly in extracts ( Figure 1A ). To facilitate mixing of methylcellulose with motility solutions and Listeria, we [8]. With the simple identity, *()ϭG*()/i, we can use Here we manipulate and measure the viscoelastic this approach to calculate drag forces from LTM meaproperties of tissue extracts to provide the first forcesurements (see Supplementary Materials). velocity curve for Listeria monocytogenes. We find Across 45 bacteria, we find a highly curvilinear relathat the force-velocity relationship is highly curved, tionship between Listeria speeds and the drag forces almost biphasic, suggesting a high cooperativity bedue to local viscoelastic moduli (Figure 3) . Although the tween biochemical catalysis and force generation. Usmoduli of extracts spans ‫-005ف‬fold range, Listeria were ing high-resolution motion tracking in low-noise exonly slowed by a factor of ‫.02ف‬ Despite our best efforts, tracts, we find long trajectories composed exclusively we could not fully stall Listeria and can only put a lower of molecular-sized steps. Robust statistics from these bound of 200 pN for stalling forces. As shown in the trajectories show a correlation between the duration inset of Figure 3 , mechanical power increases as load of steps and macroscopic Listeria speed, but not beincreases. To determine the molecular basis of this selftween average step size and speed. Collectively, our strengthening behavior, we used fluorescence microsdata indicate how the molecular properties of the Liscopy to quantify the amount of actin in these tails. A teria polymerization engine regulate speed, and that 1.6-fold increase in average density of actin-specific regulation occurs during molecular-scale pauses.
beyond the capabilities of our current LTM equipment, result from the combination of filament compliances of appropriate magnitudes. At the other extreme, many and so our force-velocity analysis does not extend to the regime required for observing molecular-scale pausing.
filaments restrain bacteria and all tethering must release cooperatively to produce steps. Mechanical cooperativAnalyzing 66 trajectories (containing 1152 steps), the distance between pauses is 5.2 Ϯ 0.15 nm. As shown ity could occur when propulsive stresses within the tail network exceed a threshold for frictional resistance, as in Figure 1C , the average step size during a trajectory does not correlate with the average speed during that suggested for mesoscopic, micrometer-sized stepping phenomena [13, 14]. However, the notion of friction is trajectory, suggesting that the stepping phenomenon is an invariant feature of Listeria motility. The average fundamentally a mesoscopic generalization [15] and must be recast as molecular interactions to explain molduration of pauses, however, shows a strong inverse correlation with Listeria speeds ( Figure 1D ). We conecule-sized steps. More constraining than molecule-sized steps, the unclude that the regulation of Listeria speed occurs through changes in the duration of these molecularusually curved force-velocity relationship for Listeria demands newer biophysical theories for its actin-based sized pauses, at least under the conditions required to observe steps. motility. Until recently, theoretical models predicted gentle exponential-like force-velocity relationships that Explanations for monomer-sized steps fall into three categories depending on the number of actin filaments cannot be parametrically altered to fit the sharply curved relationship that we have measured. 
